In this paper, we explore a dark sector scenario with a gauged SU (2) R that is spontaneously broken and a global U (1) D that stays conserved. We show that in various regions of the parameter space we can have two or three dark matter candidates, where these dark matter particles are either a Dirac fermion, a dark gauge boson, or a complex scalar. The phenomenological implications of this scenario are vast and interesting. We identify the parameter space that is still viable after taking into account the constraints from various experiments. We also, discuss how this scenario can explain the recent observation by DAMPE in the electron-positron spectrum. Furthermore, we comment on the neutrino mass generation through non-renormalizable interactions between the standard model and the dark sector. a felahi@ipm.ir
I. INTRODUCTION
Despite the numerous successes of the Standard Model (SM) in describing the observed phenomena, there are still intriguing questions that wait to be answered. Arguably, the most important one among them is the nature and origin of dark matter (DM). For some decades, the leading theory was a single component thermal relic with weak size couplings and mass, commonly known as Weakly Interacting Massive Particle (WIMP). With the advancement of experiments, however, most of the parameter space of a single-component thermal relic has been excluded. Therefore, we are compelled to examine more complex structures of dark sectors. Among the proposed scenarios, multi-component dark matter (MCDM) has attracted a lot of attentions [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . In these scenarios, the total relic abundance of dark matter is due to the existence of multiple dark matter species. In order to justify the existence of multiple particles in the dark sector, the extra degrees of freedom are usually employed to explain some other shortcoming of the SM.
To ensure the stability of multiple particles in the dark sector, a common approach to MCDM is assuming multiple symmetries, where at least one of these symmetries to come from a gauge symmetry. MCDM models with a gauged U (1) extension or a conserved nonabelian gauge symmetries have already received some attention. In this paper, we focus our attention on a gauged SU (2) that is spontaneously broken [19] [20] [21] [22] .
The kinetic mixing of non-abelian symmetries with any of the SM gauge symmetries is usually non-renormalizable. Therefore, we consider a scenario where the dark SU (2) is spontaneously broken by scalar charged under this symmetry, opening a Higgs portal between the two sectors. We, further, assume that the dark sector respects a global U (1) D that stays conserved. The matter content in the dark sector includes 2 scalars, 3 massive gauge bosons, and two Dirac Fermions. The main motivations for such set-up are:
• Large self-interactions between some of the DM candidates: Even though collision-less cold dark matter is successful in describing large scale structures [23] , it faces some difficulty describing small scale structures. N-body simulations have shown that Self-Interacting DM can alleviate the small scale structure problems [24] . On the other hand, from direct detection experiments, we are led to believe that DM has negligible interactions with nucleons [25] . Therefore, the dark sector should have a non-trivial structure, where it can allow strong self-interaction, while the portal between the dark sector and SM is preferred to be weak. This is easily achieved in our model.
• The extra bosonic degrees of freedom can be used to alleviate the Higgs Hierarchy problem [1, [26] [27] [28] [29] [30] [31] , rescue the vacuum instability [1, [32] [33] [34] [35] [36] allow strong first order phase transition, which is needed to prevent baryonic asymmetry from washing out after its generation [37] [38] [39] .
• Recently, the DArk Matter Particle Experiment (DAMPE) collaboration released their new measurement of the electron-positron flux in the energy range 25 GeV to 4.6 TeV [40] . The results show a sharp peak above the background around 1.4 TeV. The sharpness of the peak suggests that DM from a nearby source is annihilating to e + e − . Assuming that the excess is indeed due to the interaction of DM with electrons, to achieve the height of the resonance, the annihilation cross section needs to be much larger than that of the canonical single component thermal relic. To enhance the cross section of dark matter candidates with electrons, we also charge right-handed electron under SU (2) R . Even though the main motivation for distinguishing righthanded electron is the results of the DAMPE experiment, the annihilation of dark matter candidates to a pair of electron-positron plays a crucial role in setting the relic abundance.
• Neutrino mass generation: Another important observation that cannot be justified within the context of the SM is the mass of neutrinos. In the most minimalistic scenario, we can use the Weinberg operator: (LH) 2 /Λ [63] , where Λ refers to the mass of a heavy Majorana Fermion. A simple calculation reveals that Λ has to be bigger than 10 14 GeV [64] , which is larger than the Landau pole, and in the regime where we cannot trust the SM framework. With a more complex dark sector, we can connect the mass of neutrinos to some of the degrees of freedom in the dark sector. We still use non-renormalizable operators to get a neutrino mass; however, we find a smaller value for the cut-off scale.
In the following section, we explain the model in greater details and introduce the dark matter candidates. In section III, we find the relic abundance of each DM particles and identify the constraints coming from DM detection experiments. Some comments about neutrino mass generation are given in section III D. Finally, the concluding remarks are presented in Section IV.
II. MODEL
We study a new physics scenario where the standard model gauge symmetries are augmented by a gauged SU (2) R and a global U (1) D . With this extension, we can ensure the stability of multiple dark matter candidates as well as inducing significant self-interactions between dark matter particles.
We supplement the scalar content by two scalars: φ which is a doublet of SU (2) R , and η which has a non-zero charge under U (1) D . We also extend the Fermionic fields by introducing a doublet X R , and two singlets (X L = χ L 1 , χ L 2 ) of SU (2) R . These fields are complete singlets of the SM gauge symmetries, but they have a non-zero U (1) D charge to avoid mixing with neutrinos.
Motivated by the DAMPE excess, we also assume right-handed electron is charged under SU (2) R . For the notation, we use E R = (e e) T R , where e is the familiar SM electron, and e is a particle with exactly the same quantum numbers as electron. The list of the new particles and their charges 1 are presented in Table I. Given that SU (2) R is a gauge symmetry and the fermions are chiral, it is important to make sure SU (2) R does not contain any anomalies. However, with our current set-up, the gauge anomalies associated with SU (2) R × U (1) Y do not cancel and we must extend the fermionic content to address this issue. For further comments on this issue, see Appendix A.
In the interaction basis, the Lagrangian of the relevant fields has the following form:
where,
In the kinetic Lagrangian,
In the Yukawa part of the Lagrangian,Ỹ i are the Yukawa coupling between χ i and φ, andφ = ıτ 2 φ * . The last term in the Yukawa Lagrangian is the electron Yukawa interaction, which due to the charge of E R under SU (2) R becomes non-renormalizable. The cut off of the theory is shown by Λ.
To write the scalar potential, V (H, φ, η), we first need to comment on whether the new symmetries stay conserved or are broken. To ensure massive gauge bosons and fermions in the dark sector, we assume φ acquires a vacuum expectation value (vev) and thus breaks the SU (2) R symmetry at the scale v φ . The U (1) D , however, stays conserved to make sure we do not have a massless Goldstone boson in the theory. Consequently, the scalar potential becomes 
Before moving on to the effects of the SU (2) R and the ElectroWeak (EW) spontaneous symmetry breaking, we note that the stability of the vacuum puts some constraints on the couplings of the scalar potential.
From minimizing the potential, we can find the values of the vevs:
One of the most important consequences of the SU (2) R and EW symmetry breaking is the inducement of the scalar portal. That is the mixing between the neutral CP-even component of the Higgs field and that of the φ field. As a result of this mixing, we have two scalars in the mass basis that interact with both the SM sector and dark sector as a function of the mixing angle α. That is
where h 0 and ϕ 0 are the CP-even component of the Higgs and φ doublet, respectively, and h and ϕ are the physical fields in the mass basis. We have used c α = cos α and s α = sin α, with α being
Since U (1) D stays conserved, there is no mixing between η and other scalars. The masses of the scalars are, therefore,
Similarly, we can find the masses of the dark gauge bosons and the fermions:
In this article, we are interested in the phenomenology of the dark matter candidates. Given that SU (2) R is broken, we need to revisit the conserved symmetries at low scales to find the stable particles. It turns out that there is a residual Z 2 symmetry left from the Figure 1 : Dark matter candidates are related to each other through the non-renormalizable interaction shown in Eq. 8 SU (2) R , which combined with U (1) D lead to the stability at least two particles in the dark sector. In fact, due to the kinematics, we get three dark matter candidates in some region of the parameter space. The charges of various particles under the Z 2 symmetry is shown in Table II .
Another higher dimensional operators that becomes important in figuring out the dynamics of the dark sector, is:
The cut-off scale appearing in Eq. 8 does not have to be the same as the one appearing in the electron Yukawa (Eq. 3), and so we distinguish between them. To eliminate the degeneracy between y χ L and Λ , we simply use c χ L = yχ L Λ . The Feynman diagram representing this connection is shown in Fig. 1 . Depending on the masses of the dark sector particles, they can decay to each other via the non-renormalizable interactions shown Eq. 8.
Collecting the free parameters of our model, we can categorize them into
Mixing Angles : α.
Particles in the dark sector can interact with SM particles via the scalar portal as well as the direct coupling of the right-handed electrons to dark gauge bosons. Due to the non-abelian nature of SU (2) R , there is no relevant kinetic mixing between the two sectors. In the following section, we first identify the dark matter candidates in each region of the parameter space and then find their relic abundance. We also explain the constraints various experiments impose on the parameter space.
III. DARK MATTER CANDIDATES
For having a reliable DM model, it must be long-lived and produce the correct relic density and satisfy the limits of direct and indirect searches. In this section, we examine different phenomenological aspects of the DM candidates in our model.
Stability of the DM candidates:
The simplest way to ensure the stability of DM candidates is using the symmetries of the model. The lightest particle charged under a conserved symmetry is stable. There is a Z 2 ×U (1) D symmetry that stays conserved even after SU (2) R symmetry breaking. Therefore, the lightest particles charged under these symmetries are DM candidate.
According to Eq. 8, we have a vertex that leads to χ 2 decay (we are assuming χ 2 is much heavier than the other particles in the vertex). Consequently, through the Feynman diagram presented in Fig. 1 , we could have a decay of any of the followings decays.
Determining which particles are stable depends on their mass spectrum. We will assume m e > m W R , to prevent W R from decaying into a pair of ee . Therefore, the dark matter candidates are:
The schematic figures of these conditions are shown in Fig. 2 .
A. Relic Abundance
The most recent experimental value for relic density (Ω DM h 2 = 0.119) is reported by Planck collaboration [65] . To calculate the DM relic abundance in our model, the Boltzmann equation is applied to study the evolution of the DM particles [66] . Assuming thermal relic, we can write:
where n and n eq are denoted the number of density and equilibrium density of the DM particles respectively and H is the Hubbel parameter, and the thermal average annihilation For Eq. 10 to be valid, we need to make sure Γ χ 2 m DM . In other words, we want χ 2 to decay long before the DM particle goes non-relativistic. Therefore,
which results in a limit on (c χ L ) −1 M Pl m χ 2 , which is only a mild bound on Λ . For example, for m χ 2 ∼ 10 TeV, we get Λ 10 7 TeV. In other words, we can be confident that the decay of χ 2 does not play a role in the relic abundance of DM candidates. Additionally, we need to make sure the masses of the dark matter candidates are not very close to each other such that the decays shown in Eq. 9 are important.
B. Direct Detection
In thermal Multi-Component Dark Matter (MCDM) scenarios, each dark matter particle starts out in thermal equilibrium with SM particles, and once the temperature falls below the DM mass, DM particles will only annihilate until they freeze-out. Since, in MCDM, each DM particle shares some portion of the total relic abundance, we expect their annihilation rate to be larger than what would be single component DM ∼ 2.2 × 10 −26 cm 3 /s: Naively, there is a concern that with such large interaction rates of DM with SM particles, it must have been detected at DM experiments, by now. One of the most important constraints on DM models comes from Direct Detection (DD). In our model, DM can scatter with nucleus through Higgs or φ exchange, leading to potential constraints from DD. Since Higgs portal interactions care about the mass of particles, the interaction of DM with the nucleon is suppressed. In other words, Higgs portal could be sufficient to produce the right relic abundance, and yet be safe from DD. This particular reason is common to all Higgs portal DM, and it is one of the benefits of the Higgs portal over generic Z models.
Furthermore, in calculating the relic abundance of χ DM, its annihilation to a pair of leptons through W 3 R mediator was dominant, especially for a large value of g R . However, this process contributes to DD only at loop level and thus is negligible. This is the second reason that we can have efficient annihilation of χ DM while being safe from DD bounds.
Since the mediator is a CP-even scalar, the bounds on our model comes from spinindependent DD. Higgs portal DD constraints have been studied in multiple studies, and it is well-known that if DM is a Dirac fermion, χ, then its scattering cross section with the SM is [67] 
where g DM is the coupling of the DM particle with the scalar mediator, m red = m p m DM /(m p + m DM ), and g Hp is the effective coupling of Higgs with proton [68] :
As shown in Eq. 12, in Higgs portal DM, there is also a destructive interference between the two scalar mediation which is another reason that DD cannot bound Higgs portal DM models very well. In the case the dark matter is a gauge boson, its scattering cross section with nucleons goes as the following [34] :
and finally for a stable scalar it is [69] 
To recast the DD bounds on our model, it is important to realize that each component of DM constitute only a percentage of DM. Assuming their ratio in early universe is the same as the one in the vicinity of earth, we get
In the Fig. 4 , the DD constraints as well as some other constraints are shown. The purple region is excluded from the DD experiments. The LEP experiment puts a stringent constraint on any particle that interacts with electrons. Since right-handed electrons are charged under SU (2) R , the dark gauge bosons can directly interact with them. The strongest constraint of LEP comes from the Drell-Yan Production of a pair of electrons through an exchange of W 3 R , which excludes m W R < 2 TeV. This is shown in Orange in Fig. 4 . The red shaded region is when the indicated particle is no longer a DM candidate because it is not stable. The green region is when the g R > 1, which threatens perturbativity. Finally, the gray region is when the relic abundance of all DM candidates combined is too large and they over-close the universe. The green and red dotted lines indicate that the DM introduced in this paper are respectively 50% and 30% of the total DM. The star in the left plot of Fig. 4 is a benchmark, where 55% of the DM is due to the relic abundance of χ and 45% is from η. Similarly, the star in the right plot of Fig. 4 , indicates a sample point, where χ, η and W R are respectively 52%, 38% and 10% of the total DM. Due to the large cross-section of W R to electrons and φ, its relic abundance is usually low.
C. Indirect Detection
Another way to constrain our parameter space is by using indirect detection results. The main annihilation channels of our DM candidates are the production of a pair of electrons Figure 4 : The allowed parameter space for various benchmarks. The solid black dashed green and dashed red shown the contour for producing all, 50%, and 30% of the relic abundance of DM, respectively. The shaded gray region is when we over-produce DM. The shaded purple is excluded from direct detection experiment, and the shaded orange part is excluded by LEP. The pink region is when the indicated particle is no longer DM and decays. The green region is when g R > 1 which violates perturbativity. The star is chosen as an example to show how much of DM each particle constitutes. Finally, the solid red line is the region we can explain the DAMPE excess. The bounds from (g − 2) e are not strong enough to exclude any region of parameter space for the fixed values we have chosen. or heavy particles. Heavy particles eventually decay to stable particles, which some of them can be detected here on earth. Furthermore, any particle in this process that is electromagnetically charged will radiate photon which can also be detected through various experiments (e.g, Fermi-LAT [70] ). However, due to the large uncertainty of the background, ID bounds are usually mild. Even considering the strongest bounds of Fermi-LAT, which is 100% branching ratio to bb, ID can constrain DM only up to a few hundreds of GeV, which is weaker than the ones we have discussed so far.
Recently, the DArk Matter Particle Explorer (DAMPE) experiment [40] , which is a satellite-borne, high energy particle, and gamma-ray detector, published their measurement of the electron plus positron spectrum. Their result indicates a tentative narrow peak around ∼ 1.4 TeV. The local significance of this excess is about 3.7σ assuming a broken power-law background [71, 72] , and its global significance has been measured to about 2.3σ [60, [72] [73] [74] [75] [76] . Such a narrow peak could be a result of a DM with mass 1.4 TeV to a pair of right-handed electrons. The interaction of DM with left-handed electrons should be suppressed, due to the results published by IceCube, which reported no excess in the neutrino experiment [77] . This is the reason we considered only the right-handed electrons being charged under the SU (2) R .
According to the DAMPE experiment, the annihilation rate to electron-positron is estimated to be much more than the annihilation rate for a single component DM, which further motivates our set up for multi-component DM. However, it is important to make sure the annihilation to electron pair is s-wave.
Among the DM candidates in out set-up, W ± R and χ 1 interact with right-handed electrons strongly. The annihilation of W ± R to e + e − , however, is p-wave:
Even though this process could play a significant role in setting the abundance of W ± R in the early universe, its rate right now should be negligible. That is because the ambient velocity of DM is estimated to be v DM ∼ 0.001. The annihilation of χ 1 χ 1 → e + e − , on the other hand, is s-wave and thus can have a significant contribution to ID at the current time:
Therefore, the annihilation of χ 1 to a pair of electrons could justify the observation of the narrow peak in the DAMPE experiment. The red line in the left panel of Fig. 4 , shows the benchmark that could explain the DAMPE observation. It is worth mentioning that even though the main motivation behind charging the right-handed electrons under SU (2) R was explaining the DAMPE observation, the annihilation of DM particles to a pair of electrons contributes significantly in setting the relic abundance of DM candidates. In the scenario where right-handed electrons did not interact directly with the dark sector, DM particles had to be about a factor of 5 lighter to not over-close the universe. However, that region of the parameter space is strongly constrained by DD experiments.
D. Neutrino Mass
Due to the existence of multiple particles in the dark sector, we can also radiatively generate the neutrino mass through non-renormalizable operators mentioned in Eq. 8. The diagram is shown in Fig. 5 .
Given that neutrino mass is expected to be smaller than a few eV, we can roughly estimate the value of c χ L :
Assuming a benchmark value of m χ 2 ∼ 10 TeV and m η ∼ 3 TeV, we get c χ L < 10 −5 (TeV) −1 , or equivalently Λ > 5 × 10 5 TeV. This constraint is slightly milder than the one due to making sure χ 2 decays well before the DM candidate become non-relativistic. Figure 5 : The radiative generation of mass of neutrino through non-renormalizable operators.
IV. CONCLUSIONS
In this work, we studied a scenario of the dark sector that contains two or more dark matter (DM) candidates. We proposed extending the SM symmetries by a gauge SU (2) R and a global U (1) D . We, particularly, focused on a scenario where right-handed electrons were charged under SU (2) R to explain the recent observation by DArk Matter Particle Experiment (DAMPE). The SU (2) R symmetry is spontaneously broken by a scalar doublet, to give mass to dark gauge bosons and fermions in the dark sector. The U (1) D symmetry, however, is assumed to be conserved to avoid the presence of massless Nambu-Goldstone Boson.
Other than the Higgs portal, which connects the dark sector to the SM, the annihilation of W R and χ 1 to a pair of electrons also plays a significant role in the relic abundance of DM particles. We assumed O(1) couplings, to consider a more natural scenario. The phenomenology of DM candidates was studied, and the region of the parameter space where they can produce the right relic abundance while being safe from various DM detection experiment was identified. We noticed that only a small region of parameter space survives the constraint and this region could be probed with the next generations of experiments. Furthermore, we have commented on how neutrinos can gain a mass through non-renormalizable interactions with the dark sector.
In conclusion, we emphasize that in the era where single DM thermal relics are highly constrained, it is important to consider multi-species DM. In the most simplistic paradigm, where DM particles are thermal relics, multi-component DM suggests strong couplings between DM particles and SM. As a result, Leptophilic DM or when there is a Higgs portal models are preferred.
